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Abstract
Even something as conceptually simple as adsorption of electronegative adatoms on metal surfaces, where repulsive
lateral interactions are expected for obvious reasons, can lead to unanticipated behavior. In this context, we
explain the origin of surprising lateral interactions between electronegative adatoms observed on some metal
surfaces by means of density functional theory calculations of four electronegative atoms (N, O, F, Cl) on 70
surfaces of 44 pristine metals. Four different scenarios for lateral interactions are identified, some of them being
unexpected: (i) they are repulsive, which is the typical case and occurs on almost all transition metals. (ii,iii)
They are atypical, being either attractive or negligible, which occurs on p-block metals and Mg, and (iv) surface
reconstruction stabilizes the low-coverage configuration, preventing atypical lateral interactions. The last case
occurs predominantly on s-block metals.
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INTRODUCTION
The adsorption of electronegative atoms on metal sur-
faces is of paramount importance in surface science as
well as electrochemistry.1–4 As an electronegative atom
approaches a metal surface, charge is transferred and it
becomes negatively charged. This interaction can be de-
scribed classically by the method of images, where the
adatom/image-charge pair can be seen as a dipole. As
more adatoms accumulate on the surface repulsive interac-
tions are expected between them. Such interactions were
confirmed for a variety of adatoms on metal surfaces5–11
and they typically scale as µ2/R3 ∝ µ2Θ 32 , where µ is
the adatom induced dipole, R is the nearest-neighbor in-
teradatom distance, and Θ is the surface coverage. How-
ever, in a few cases, notably for electronegative atoms on
Mg(001)12,13 and O on Al(111),14–16 counterintuitive at-
tractive interactions were identified. In our previous publi-
cation16 we explained that these surprising attractive lat-
eral interactions are a consequence of the interplay between
electrostatic and geometric effects and that there exists a
critical height of adatoms above the surface, below which
attractive interactions can emerge. Since this model—
explained in the Supporting Information and henceforth
referred to as the simple ionic model—requires only (i) suf-
ficiently ionic bonding and (ii) a low height of the adatom
above the surface, it stands to reason that it should be
generally applicable, provided that the two requirements
are met. To address this proposition, the adsorption of
four different electronegative adatoms (N, O, F, and Cl)
on 44 elemental metals, as indicated in Figure 1, is consid-
ered herein by means of density-functional-theory (DFT)
calculations.
TECHNICAL DETAILS
DFT calculations were performed with the PWscf
code from the Quantum ESPRESSO distribution17 and the
PWTK scripting environment,18 using the generalized gra-
dient approximation (GGA) of Perdew–Burke–Ernzerhof
(PBE) .19 We used the projector augmented wave (PAW)
method20 with PAW potentials obtained from a pseudopo-
tential library.21,22 Kohn–Sham orbitals were expanded in
a plane wave basis set with a kinetic energy cutoff of 50
Ry (600 Ry for the charge density). Brillouin zone (BZ)
integrations were performed with the special point tech-
nique,23 using a 12×12×1 shifted k-mesh for (1×1) surface
cells (or equivalent for larger cells) and a Methfessel-Paxton
smearing24 of 0.02 Ry. Molecular graphics were produced
by the XCrySDen graphical package.25
Most of the investigated metals crystallize in one of
the following three lattice types: face-centered-cubic (fcc),
hexagonal-close-packed (hcp), and body-centered-cubic
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Figure 1. The investigated metals and adsorbates are highlighted in the periodic table. The lattice type of each investigated metal
is indicated by the color coding; note that metals with exotic lattices were modeled as either bcc, fcc, hcp, or simple-cubic (sc) as
explained in the text. The side panel displays topviews of the considered surfaces for each lattice type.
(bcc). The exceptions are In and Sn, which crystallize in
tetragonal lattices, as well as Hg and Bi, which crystallize
in rhombohedral lattices. For these metals the most stable
among fcc, hcp, bcc, or simple-cubic (sc) was chosen as the
representative model in order to simplify the calculations.
Additionally, α-Mn has a unique bcc lattice with 58 atoms
in the unit cell,26 however, for simplicity we modeled it
with a plain bcc lattice. The selected Bravais lattice type
for each investigated metal is indicated along with the con-
sidered surfaces in Figure 1, i.e., (001) for hcp, (110) and
(100) for bcc, (100) and (111) for fcc, and (100) for sc
metals. In total, we considered 70 different surfaces. The
adatoms predominantly adsorb to hollow sites, although
for some cases they prefer top or bridge sites: these excep-
tions are listed in Table S7 in the Supporting Information.
The adatom binding energy (Eb), as defined by eq (S4)
in the Supporting Information, was calculated for (1 × 1)
and (2 × 2) adatom overlayers, designated as E(1×1)b and
E
(2×2)
b , respectively. The difference between the two bind-
ing energies (∆Eb):
∆Eb = E
(1×1)
b − E(2×2)b , (1)
was used as the criterion to determine whether lateral in-
teractions are attractive. As to differentiate between at-
tractive (or repulsive) and negligible lateral interactions,
we arbitrarily adopt a threshold of 0.1 eV and define in-
teractions to be attractive if ∆Eb < −0.1 eV, negligi-
ble if −0.1 eV ≤ ∆Eb ≤ 0.1 eV, and repulsive when
∆Eb > 0.1 eV.
RESULTS AND DISCUSSION
The main result of this work is shown Figure 2, which
schematically presents the type of lateral interactions for
the N, O, F, and Cl adatoms on 70 different surfaces of
44 elemental metals. We find that lateral interactions can
be classified into four different groups: (i) the expected re-
pulsive interactions; (ii,iii) the case where the simple ionic
model applies and the lateral interactions are either at-
tractive or negligible; and (iv) the case where conditions
of the simple ionic model are met, however, surface recon-
struction makes the low coverage (2 × 2) overlayer more
stable than the high-coverage one. Note that some cases
belong to more than one scenario, nevertheless, each spe-
cific case is described only by a single category. To this
end the following order of precedence is adopted: (1) at-
tractive interactions, (2) reconstruction, and (3) negligible
or repulsive interactions. Reconstruction is characterized
by metal atoms (ions) nearest to the adatom being substan-
tially displaced toward the adatom thus forming island-like
structures on the surface. A typical example is shown in
Figure 3.
In order to provide a quantitative measure of the ex-
tent of surface reconstruction, we defined the reconstruc-
tion quotient (frec) as:
frec = AR/A(1×1), (2)
where AR is the area of the reconstructed “cell” and A(1×1)
is the area of the (1 × 1) unit-cell (for a schematic defini-
tion of these quantities see Figure S3 in the Supporting
Information). Because metal ions nearest to the adatom
always respond to its presence (by either moving toward
or away from it), we define the surface to be reconstructed
only when the frec is significantly below 1; we arbitrarily
set frec ≤ 0.9 as the criterion for reconstruction.
In addition to the aforementioned Figure 2, which
schematically summarizes the results about lateral inter-
actions, Eb values for each specific case are tabulated in
Tables S1–S6 and plotted along with frec values in Fig-
ures S6–S10 in the Supporting Information. In accordance
with previous studies,5–11 our results reveal that repulsion
is the dominant case for electronegative adatoms on d-
block metal surfaces with few exceptions, such as Fe(100),
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Figure 2. A summary of lateral interactions between adatoms on investigated metal surfaces. Four scenarios were found: (i)
repulsive interactions, (ii, iii) attractive or negligible interactions, and (iv) reconstruction. For the N adatom all results are explicitly
summarized, whereas for other adatoms only differences with respect to the N adatom are shown. For bcc and fcc metals, the results
for the two considered surfaces are shown as indicated by the legend.
on which N and O adatoms display attractive interactions,
and Hg(001), which displays either attractive, negligible, or
repulsive interactions; negligible lateral interactions were
also identified for some adatoms on group 3 and 4 d-block
hcp metals. Additionally, reconstruction occurs for (100)
surfaces of several bcc d-block metals.
3
Na(100) (2×2)-O@Na(100) (1×1)-O@Na(100)
reconstruction
Figure 3. An example of surface reconstruction for O on
Na(100). For the (2 × 2) overlayer the Na atoms closest to
the adatom move toward it so that Na4O islands form. Such
reconstruction is not possible for the (1 × 1) overlayer due to
symmetry. Such a reconstruction occurs for all metals labeled
as “REC” in Figure 2, though the extent of reconstruction can
vary considerably.
Attractive or negligible lateral interactions are the domi-
nant scenario on the surfaces of p-block metals. In particu-
lar N, O, and F display such behavior on a large majority of
investigated p-block metal surfaces. Exceptions are repul-
sive interactions for N on Al(111), Tl(001), and Rb(111);
O on In(100) and Tl(001); and F on Bi(100). In contrast,
Cl mainly displays repulsive lateral interactions on p-block
metal surfaces, with the exception of In(100), Sn(100), and
Pb(100) where lateral interactions are negligible.
The third group are the s-block metals where the domi-
nant scenario is reconstruction, in particular for N, O, and
to lesser extent for F adatoms. Notable exceptions are
Mg and Be, where lateral interactions are attractive and
repulsive, respectively. In contrast, for Cl reconstruction
occurs only on K(100) and Rb(100), whereas on other sur-
faces of s-block metals Cl generally displays either attrac-
tive or negligible lateral interactions, except on Li(110),
Be, Na(110), and Mg where the interactions are repulsive.
Our results indicate that in some cases, such as N, O, and
F on alkali metals, where the two conditions of the simple
ionic model for the attractive lateral interactions are met
(ionic adatom–surface bonding and low height of adatoms),
reconstruction occurs instead. This implies that the simple
ionic model cannot describe all the situations and needs to
be extended, at least conceptually, as to account for the
possibility of reconstruction. To this end, we define two
quantities termed unoccupied surface area (Ausa) and area
occupied by the anion (Aa), defined as:
Ausa = A(1×1) − piR2c and Aa = piR2a, (3)
where A(1×1) is the area of the (1×1) surface cell, Rc is the
ionic radius of the metal cation, calculated as the average
of the effective ionic radii for all coordination numbers of
the metal in the lowest cationic oxidation state,27 and Ra
is the effective radius of the anion27 (for a graphical rep-
resentation of the unoccupied surface area, see Figure S5
in the Supporting Information). The comparison between
Ausa and Aa is presented in Figure 4. This figure reveals
that alkali metals, Ca, and Sr display the largest Ausa and
reconstructions typically occur on their surfaces, in partic-
ular for N and O adatoms. Furthermore, it is also evident
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Figure 4. Unoccupied surface area (Ausa) for (a) open surfaces
[fcc(100), bcc(100), and sc(100)] and (b) close-packed surfaces
[fcc(111), hcp(001), and bcc(110)]. The horizontal dashed lines
indicate the Aa of adsorbed adatoms, calculated as described in
the text.
from the figure that Aa of Cl
− is much larger than Aa of
the other three adatoms and for this reason reconstructions
and attractive interactions are considerably less frequent
for Cl adatoms (cf. Figure 2). The next relevant observa-
tion is that repulsive interactions usually appear when Ausa
is small, i.e., when Ausa . Aa. This is the case of transition
metal surfaces, where repulsive interactions dominate. Fi-
nally, if neither Ausa  Aa nor Ausa . Aa applies, then the
interactions are likely attractive or negligible. There are,
of course, exceptions, because such a simple rule simply
cannot encompass all cases.
As a further scrutiny of the utility of the simple
ionic model, let us compare the critical height above the
surface—i.e., the height above which the simple ionic model
predicts that lateral interactions between adatoms are
repulsive—with the adatoms heights predicted by DFT cal-
culations (Figure 5). Notably, there is not a single case
of attractive lateral interactions with the adatoms located
above the critical height. This observation is very reas-
suring and provides strong support to the validity of our
explanation based on the simple ionic model, which differs
from the explanations provided by Jacobsen et al.14 for O
on Al(111) and by Cheng et al.13 for N, O, and F adatoms
on Mg(0001). Jacobsen et al.14 emphasized the role of
Al p-states that open new possibilities for hybridization
and consequently lead to stronger bonding configurations
at high coverage, but this explanation is brought into ques-
tion by the aforementioned attractive interactions of N, O,
4
reconstruction
attractive
negligible
repulsive
−2.0
−1.0
0.0
1.0
2.0
3.0
4.0
0 10 20 30 40 50
atomic number
70 80
O
N
ClF
s p s p s d p s d p d p
Li
V
Cr
Fe
Ni
Cu
K
Ca
Rb
Sr Nb
Mo Rh
Pd
Ag
In
Sn
Ta
W Ir
Pt
Au Pb
Na
Al
Mn
critical he
ight
ad
at
om
 h
ei
gh
t (
Å)
Bi
−2.0
−1.0
0.0
1.0
2.0
3.0
4.0
0 10 20 30 40 50
atomic number
70 80
Cl
F
N
O
s p s p s d p s d p d p
Li
Be
Ti
Sc
V
Cr
Fe
Ni
Cu
Zn
K
Ca
Rb
Sr
Y
Zr
Nb
Mo
Tc
Rh
Pd
Ag
Cd
In
Sn
Lu
Hf
Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Na
Mg
Al
Mn
Co
Ru
criti
cal 
heig
ht
ad
at
om
 h
ei
gh
t (
Å)
(a) open surfaces
(b) close-packed surfaces
Figure 5. Comparison between critical heights as predicted
by the simple ionic model and DFT calculated adatom heights
for (a) open surfaces [fcc(100), bcc(100), and sc(100)] and (b)
close-packed surfaces [fcc(111), hcp(001), and bcc(110)]. Each
datapoint is color coded according to the type of interaction as
indicated by the legend at the top right.
and F adatoms on Mg(0001),13 which is an s-metal, as
well as by the current findings—among the 24 identified
cases of attractive interactions, 11 of them appear on non
p-metals (7 on s- and 4 on d-metals, cf. Figure 2). The
attractive interactions on Mg are accompanied by an ad-
sorption induced decrease of the work function, which is
another anomaly because an increase is typically expected
for electronegative adatoms.28 Cheng et al.13 attributed
both anomalies to a highly polarizable electron spill-out in
front of Mg(0001), i.e., the vertical electron charge redistri-
bution (a depletion of charge above the adatom) causes the
decrease of the work function,13,28 whereas attractive inter-
actions were explained by quantum mechanical screening,
i.e., a lateral transfer of the spill-out electrons.13 In con-
trast, our explanation involves neither the metal p-states
nor the highly polarizable electron spill-out, but instead
explains the attraction by the simple ionic model—i.e., an
interplay of electrostatic and geometric effects—requiring
only unpolarizable point ions. It is worth noting that on
Mg(0001) the attractive lateral interactions are indeed ac-
companied by an adsorption induced decrease of the work
function, however, the latter is not required for attraction
to emerge, as evidenced by Figure S12 in the Supporting In-
formation, which shows the adsorption induced work func-
tion change for all currently identified “attraction cases”
(whereas Figure S13 shows work function changes for all
considered overlayers). Among 24 such cases, the work
function reduces for only 10 of them.
Turning back to Figure 5, its scrutiny for s- and p-block
metals reveals that when the adatom height is below the
critical height, the lateral interactions are either attrac-
tive, negligible, or the surface reconstructs. There are
only a few exceptions, i.e., F on Bi(100), O on Tl(001),
and N on Tl(001) and Pb(111). The situation is consid-
erably different for transition metals, because for many
cases the adatoms are below the critical height, yet the
lateral interactions are repulsive. However, transition met-
als do not fulfill the second requirement of the simple
ionic model, that is, the adatom–surface bonding is not
sufficiently ionic, due to significant participation of cova-
lent bonding.9,29–31 Note that transition metals are rather
electronegative with work-function values typically above
4 eV32 (see also Figure S14 in the Supporting Information);
exceptions are group-3 metals, which display lower work-
functions, but thereon the lateral interactions are usually
not predicted by DFT to be repulsive.
Finally, let us focus in more detail on cases denoted as
“reconstruction”, where the lower coverage (2× 2) adatom
overlayer is more stable than the high coverage (1 × 1)
overlayer. Our analysis indeed reveals that the superior
stability of the (2× 2) overlayer is by and large due to re-
construction, where the metal ions nearest to the adatom
move laterally toward it, forming island-like structures on
the surface (cf. Figure 3). For example, O on Na(100) dis-
plays a ∆Eb of 1.8 eV. However, if the larger Cl
− ion is ad-
sorbed on Na(100), reconstruction is no longer viable and
attractive interactions are found with a ∆Eb of −0.2 eV.
The extent to which reconstruction stabilizes the (2× 2)
overlayer of O on Na(100) was estimated by performing
a constrained relaxation, where the lateral coordinates of
Na atoms in the topmost layer were constrained to their
bulk positions. The resulting ∆Eb reduces from 1.8 eV for
the reconstructed structure to 0.2 eV for the constrained
structure, which implies that reconstruction stabilizes the
(2 × 2) overlayer by 1.6 eV, which is considerable. No-
tice, however, that even without reconstruction, the (2×2)
overlayer remains slightly more stable. The reason for the
superiority of the (2 × 2) overlayer can be attributed to
the large lattice constant of Na that diminishes the magni-
tude of electrostatic stabilization (the effect is illustrated
in Figure S2 of the Supporting Information). Thus the lack
of attractive interactions, even when the top layer is con-
strained, is likely a consequence of diminished stabilization
in combination with other effects, not taken into account
by the simple ionic model.
CONCLUSION
To summarize, by performing DFT calculations of the
adsorption of four different electronegative adatoms on 70
surfaces of 44 elemental metals, we showed that even some-
thing as conceptually simple as adsorption of electronega-
tive adatoms on metal surfaces, can lead to unanticipated
behavior. Understanding such interactions is important
5
for heterogeneous catalysis and electrochemistry as they
may provide a new insight into initial stages of corrosion
and passivation. We identified four possible scenarios for
the lateral interactions between electronegative adatoms,
some of them being unexpected, and explained the reasons
why they emerge. Lateral interactions can be: (i) repul-
sive (this is the expected scenario, but it prevails only on
d-block metals), (ii, iii) attractive or negligible (this sce-
nario is predominantly found for p-block metals and Mg;
their origin is well explained by our simple ionic model, i.e.,
attraction is a consequence of predominantly ionic bond-
ing and a low height of adatoms above the surface), or
(iv) surface reconstruction of the lower coverage (2 × 2)
overlayer provides additional stabilization, making it more
stable than the high-coverage (1 × 1) overlayer. This case
typically occurs on s-block metals.
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1 Description of the simple ionic model
The “simple ionic model” was derived in our pre-
vious publication1 and here we briefly explain its
essence. The model is based on the electronic struc-
ture analysis of the O/Al(111) system,1 which reveals
that O–Al bonding is ionic and furthermore that the
excess electron charge on adatoms mainly comes from
the nearest neighbor metal atoms.1 The last obser-
vation is exploited in the simple ionic model, where
the adatom gets the electron charge exclusively from
the nearest neighbor metal atoms, such that each
neighboring metal atom contributes proportionally,
as schematically shown in Figure S1. The simple
ionic model therefore consists of an ionic bilayer of
adatom-anions/metal-cations and can be described by
N ions in the unit-cell at positions {τi}Ni=1 and charges
{qi}Ni=1. The interaction energy is then obtained by
summing the pairwise Coluomb interactions among
the ions in the infinite adatom/metal bilayer, i.e.:
Eint =
1
2
∞∑
R=0
N∑
i,j
qiqj
|R + τj − τi|(1− δi,jδR,0), (S1)
where {R} are the lattice vectors of a two-dimensional
lattice. The role of the (1 − δi,jδR,0) term is to
omit the interaction of an ion with itself (i = j and
R = 0, where R = |R|). The infinite lattice sum
in two-dimensions,
∑∞
R6=0 (· · · ), can be evaluated by
explicitly calculating it within the cutoff radius Rcut,
whereas beyond Rcut it is approximated by an inte-
gral, in particular:
Eint ' 1
2
|R|<Rcut∑
R=0
N∑
i,j
qiqj
|R + τj − τi|(1− δi,jδR,0)
+
2pi
A
∫ ∞
Rcut
N∑
i,j
Rqiqj√
R2 + (zj − zi)2
dR

=
1
2
|R|<Rcut∑
R=0
N∑
i,j
qiqj
|R + τj − τi|(1− δi,jδR,0)
− 2pi
A
N∑
i,j
qiqj
√
R2cut + (zj − zi)2
 ,
(S2)
where A is the area of the unit-cell and zi is the
zˆ-coordinate of the atomic position τi, i.e., τi =
(xi, yi, zi). Note that due to charge neutrality,
the larger is the Rcut, the smaller is the last sum
(−2piA
∑N
i,j · · · ), due to cancellation between its terms.
In particular, the last sum scales as (2pi/A)µ2zR
−1
rcut,
where µz is the zˆ-component of the dipole of the ions
in the unit-cell, µz =
∑N
i=1 ziqi. Hence:
−
N∑
i,j
qiqj
√
R2cut + (zj − zi)2 ' µ2zR−1rcut. (S3)
Figure S2 depicts the results of the simple ionic
model for the (1×1) and (2×2) adatom overlayers over
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Figure S1. Schematic of the electron charge distri-
bution among adatoms and nearest neighbor metal
atoms in the simple ionic model. (a) The charge
on adatoms is set to qad (labeled as “−”), whereas
the counter-charge is distributed proportionally to the
nearest neighbor metal atoms, i.e., for an adatom with
n metal neighbors each of them donates qad/n elec-
trons to the adatom. If a metal atom has no adatom
neighbors then it remains charge-neutral, but if it has
m adatom neighbors then it donates qad/n electrons
to each, thus in total mqad/n to all of them. (b)
Charge distribution for (2 × 2) and (1 × 1) adatom
overlayers on a square lattice of metal atoms, which
is compatible with bcc(100), fcc(100), and sc(100).
Unit-cells are indicated in red.
a square lattice of metal atoms, with the interaction
energy shown as a function of adatom height above
the surface. The figure illustrates the dependence of
the interaction energy on the lattice parameter (Fig-
ure S2a) and on the adatom charge (Figure S2b). The
most important result of the ionic model is that there
exist a critical adatom height below which the high-
coverage (1× 1) overlayer is more stable than the low
coverage overlayers (currently only the (2 × 2) over-
layer is considered for low coverage, but in our previ-
ous work1 we considered even lower coverages). This
effect is referred to as “stabilization” in the following.
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Figure S2. The prediction of the simple ionic model
for the (1 × 1) and (2 × 2) adatom overlayers above
a square lattice of metal atoms, which is compatible
with the bcc(100), fcc(100), and sc(100) surfaces. No-
tice that below the critical height the high-coverage
(1×1) overlayer is more stable than the lower-coverage
(2 × 2) overlayer. (a) The dependence of the inter-
action energy and the critical height on the lattice
parameter for a = 1.6 A˚ and a = 5.3 A˚. Notice
that the (1 × 1) over (2 × 2) preference below the
critical height decreases by increasing the lattice pa-
rameter, while concomitantly the critical height be-
comes larger. (b) The dependence of the interaction
energy on the charge of the adatom for q = −0.5 and
q = −1.0. Because the energy depends quadratically
on the charge, the (1×1) over (2×2) preference below
the critical height decreases with a decrease in charge
magnitude.
The critical height obviously depends on the lattice
parameter due to geometric reasons, i.e., the larger is
the lattice parameter, the larger is the critical height.
2
Concomitantly with the increase of the lattice param-
eter the extent of stabilization obviously decreases
(Figure S2a). As for the dependence on the adatom
charge, the stabilization obviously increases with the
magnitude of the adatom charge (Figure S2b), be-
cause the energy depends quadratically on the charge.
Some of these dependencies can be easily understood
from eq (S1).
2 Definitions
2.1 Binding energy
DFT calculated binding energies were calculated as:
Eb = EX/slab − EX − Eslab, (S4)
where X stands for the adatom (either N, O, F, or
Cl) and EX/slab, EX, and Eslab are the total ener-
gies of the adatom-slab system, standalone adatom,
and bare slab, respectively. The binding energies for
bcc, fcc, and hcp adatom/metal systems are plotted
in Figures S6 to S10 and tabulated in Tables S1 to
S5. The Eb values of sc (simple-cubic) systems are
given in Table S6, but they are not plotted, because
only Bi is “considered” to crystallize in this lattice
type. Note that Bi and some other investigated met-
als crystallize in more “exotic” lattices, however, in
order to simplify the calculations, they were modeled
by one among the bcc, fcc, hcp, or sc lattice types, as
described in the main text.
2.2 Reconstruction quotient
In addition to attractive and repulsive lateral in-
teractions we also identified another possibility, when
the two conditions of the simple ionic model for the
attractive lateral interactions are met (ionic adatom–
surface bonding and low height of adatoms). In par-
ticular, surface reconstruction stabilizes the (2 × 2)
overlayer and makes it more stable than the (1 × 1)
overlayer. In order to quantify the extent of recon-
struction for each adatom/metal pair, we defined the
reconstruction quotient (frec) by eq (2) in the main
text. The way the reconstruction quotient is calcu-
lated is schematically illustrated in Figure S3. We
defined the surface to be reconstructed only when frec
is significantly below 1; we arbitrarily set frec ≤ 0.9
as the criterion for reconstruction.
We should comment on how the reconstruction
quotient was calculated for close-packed bcc(110),
fcc(111), and hcp(001) surfaces. In particular, on
reconstruction area of 
(1×1) cell
reconstructed 
area
A(1×1) AR
Reconstruction Quotient :   frec =
A(1×1)
AR
Figure S3. A schematic definition of the recon-
struction quotient, frec = AR/A(1×1). A(1×1) is the
area of the (1 × 1) unit-cell (left panel), whereas AR
is the area enclosed by the four metal atoms near-
est to the adatom forming a (2 × 2) overlayer (right
panel). The reconstruction quotient was used to es-
timate the degree of reconstruction, in particular, we
used frec ≤ 0.9 as the criterion for reconstruction.
bcc(110) the adatoms were found in two distinct
sites, i.e., three-fold and four-fold hollow sites (see
Figure S4), whereas on fcc(111) and hcp(001) both
fcc- and hcp-hollow sites are three-fold coordinated.
For all the three-fold hollow sites, frec was esti-
mated by considering the area spanned by the three
metal cations nearest to the adatom, whereas for the
bcc(110) four-fold hollow site the area spanned by the
four nearest metal cations was taken into account.
The obtained values for the reconstruction quotient
are plotted on the right-hand side of Figures S6 to
S10. The plots clearly show that the extent of re-
construction is the greatest for N and O adatoms on
bcc(100) surfaces, where alkali metals stand out the
most. In the case of fcc metals reconstruction occurs
for N and O on the surfaces of Ca and Sr. According
to the frec value reconstruction also occurs for N on
Sn(100), however, since the (1 × 1) overlayer is still
more stable this case is labeled as “attraction” in the
main text.
2.3 Unoccupied surface area
As an approximate ad hoc criterion for which
adatom/metal pairs reconstruction can be expected,
we defined a quantity termed unoccupied surface area,
3
whose calculation is schematically illustrated in Fig-
ure S5.
3 Stability of adsorption sites
The adatoms were mainly adsorbed in hollow
sites; for fcc(111) predominantly fcc-hollow and for
hcp(001) both fcc- and hcp-hollow sites were consid-
ered. However, for a few specific cases hollow sites
are either unstable or less stable than bridge or top
sites. The cases where non-hollow sites (or also hcp
sites for fcc(111)) were found to be the stablest are
listed in Table S7. We begin our analysis by notic-
ing that our results are in line with those reported by
Zhu et al.2 for halogen adatoms (see the comparison
in Figure S11). Namely, both F and Cl prefer the top
site on Al(111) at the lower coverage. The top site is
also the preferred site for F on Ir(111) and Pt(111),
whereas for Cl on Ir(111) both fcc and top sites dis-
play similar stabilities. Additionally, on Ca(111) and
Sr(111) the hcp site is found to be more stable than
the fcc site for O, F, and Cl, irrespective of the cov-
erage. Note that most of these exceptions have been
reported by other authors as well.3 As for bcc metals
the top site is preferred for F on W(110). However, we
find that F prefers the hollow site on Mo(110) and not
the top site as reported by Zhu et al.2 The site pref-
erence for F and Cl on hcp metals is also reproduced,
the only difference is that according to our calcula-
tions Cl prefers the fcc site on Tc(001), whereas Zhu
et al. reported that the hcp site is more stable. Both
sets of calculations, however, show that the two sites
have very similar stabilities. The calculated Eb values
for (2 × 2) layers of F and Cl are compared to those
reported by Zhu et al. in Figure S11. For Cl the av-
erage difference between the two sets of Eb values is
−0.10± 0.09 eV, whereas for F the average difference
is 0.19± 0.15 eV.
In addition to the already documented site anoma-
lies, we found that F prefers to adsorb on the top site
of Os(001) and bridge site of Ru(001), whereas the
top site is the most stable for Cl on Fe(110), for Cl
on Mn(110) at high coverage, and for F on Bi(100).
For O and F on Al(100) and Fe(100) the bridge site is
also the more stable site at low coverage, whereas at
high coverage the two sites generally display similar
stabilities. For Cl on Al(100) and Fe(100) the bridge
site is favored for both investigated coverages.
Finally, as mentioned above adatoms adsorbed on
hollow sites of bcc(110) surfaces display two specific
3-fold coordinated 4-fold coordinated
(2×2)−O/Fe(110) (2×2)−N/Fe(110)
Figure S4. Three- and four-fold hollow sites on
the bcc(110) surfaces. As an example, the (2 × 2)
overlayer of O on Fe(110) displays three-fold, whereas
the (2×2) overlayer of N on Fe(110) displays four-fold
coordination.
− =
unit cell 
surface area metal cation 
area
unoccupied 
surface area
A(1×1) πR2 Ausac
Figure S5. The unoccupied surface area is calcu-
lated by subtracting the area occupied by the metal
cation from the area of the (1 × 1) unit-cell. For the
radius of the metal cation, Rc, the average value of
cationic radii for all coordination numbers of the low-
est cationic oxidation state is used. Radii were taken
from Shannon and Prewitt.4
configurations, one where the adatom is three-fold co-
ordinated and a second one, where the adatom is four-
fold coordinated. Adatoms adsorb predominantly in
the three-fold hollow site, the exceptions are N on Li,
Na, K, V, Cr, Fe; O on Li and Na; and Cl on Li, Na,
and Fe. An example of three-fold and four-fold hollow
sites on bcc(110) is shown in Figure S4.
4 Adsorption induced work function changes
In some cases, such as N, O, and F adatoms on
Mg(0001) the lateral attractive interaction between
adatoms are accompanied by an adsorption induced
decrease of the work function.5 It should be noted,
however, that decrease of the work function is not re-
quired for attraction to emerge, as evidenced by Fig-
ure S12, which shows the adsorption induced work
function change for all the “attraction cases” cur-
4
rently identified. Among 24 such identified cases,
work function reduces for only 10 of them.
Figure S13 plots the adsorption induced work func-
tion changes for all the considered adatom overlayers
and Figure S14 shows the experimental work func-
tions for either closed-packed or polycrystalline sur-
faces of the 44 metals considered in this study.
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TABLE S1: Binding energies for (1 × 1) and (2 × 2) overlayers of the four considered adatoms adsorbed on
hollow sites of the bcc(100) metal surfaces. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
Li(100) −6.25 −3.37 −8.27 −5.89 −6.52 −6.36 −5.20 −5.26
Na(100) −3.96 −1.93 −6.24 −4.38 −5.90 −5.62 −4.86 −5.03
K(100) −3.54 −1.32 −6.07 −3.85 −5.96 −5.43 −5.15 −5.05
V(100) −8.48 −8.11 −8.16 −7.81 −5.18 −4.87 −4.58 −3.84
Cr(100) −8.23 −7.44 −7.59 −6.71 −4.56 −4.39 −4.75 −3.20
Mn(100) −7.57 −6.74 −7.22 −5.72 −4.99 −3.97 −4.87 −2.67
Fe(100) −5.82 −6.27 −5.25a −5.64 −5.31a −4.46a −3.42a −3.20a
Rb(100) −3.36 −1.17 −5.90 −3.70 −5.97 −5.34 −5.14 −4.97
Nb(100) −8.24 −7.75 −7.75 −7.31 −5.00 −4.77 −4.51 −4.09
Mo(100) −7.56 −6.99 −6.83 −6.02 −4.27 −4.15 −4.60 −3.51
Ta(100) −8.32 −7.72 −7.64 −6.99 −4.76 −4.54 −4.31 −3.85
W(100) −7.73 −6.74 −6.66 −5.58 −3.88 −4.03 −4.47 −3.44
a The reported value is for the more stable bridge site.
TABLE S2: As in Table S1, but for hollow sites on the bcc(110) surfaces. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
Li(110) −6.71 −5.61 −8.44 −7.84 −6.76 −6.77 −5.21 −3.75
Na(110) −3.94 −3.26 −6.32 −6.07 −5.96 −6.17 −4.83 −4.15
K(110) −3.52 −2.62 −6.00 −5.42 −6.13 −6.12 −5.03 −5.16
V(110) −7.82 −6.41 −8.05 −7.15 −5.90 −5.71 −4.88 −2.90
Cr(110) −7.25 −5.55 −7.47 −6.45 −5.21 −4.76 −4.44 −1.52
Mn(110) −6.95 −5.38 −7.17 −6.02 −4.98 −4.13 −4.53 −1.22a
Fe(110) −6.27 −5.06 −5.96 −5.62 −4.01 −4.00 −3.76a −1.57a
Rb(110) −3.09 −2.40 −5.96 −5.14 −6.08 −6.03 −5.02 −5.17
Nb(110) −7.19 −6.66 −7.69 −7.20 −5.70 −5.67 −4.79 −3.90
Mo(110) −7.00 −5.89 −7.21 −6.67 −5.04 −4.79 −4.36 −2.85
Ta(110) −7.68 −7.10 −8.02 −7.54 −5.67 −5.68 −4.79 −3.95
W(110) −7.15 −6.13 −7.19 −6.87 −5.15a −4.87a −4.12 −2.78
a The reported value is for the more stable top site.
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Figure S6. Left: binding energies (Eb) of adatoms on bcc(100) surfaces for (1×1) and (2×2) overlayers. Right:
the degree of reconstruction, expressed in terms of the reconstruction quotient (frec). The red dash-dotted line
at frec = 0.9 indicates the adopted threshold for the reconstruction. Lines are drawn to guide the eye.
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Figure S7. As in Figure S6, but for bcc(110) surfaces.
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Figure S8. As in Figure S6, but for fcc(100) surfaces.
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Figure S9. As in Figure S6, but for fcc(111) surfaces.
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Figure S10. As in Figure S6, but for hcp(001) surfaces. Filled and empty symbols designate the fcc and hcp
sites, respectively. The lines connect the most stable of the two considered sites and are drawn to guide the eye.
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TABLE S3: As in Table S1, but for fcc sites on the fcc(111) surfaces. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
Al(111) −6.42 −5.94 −7.29 −7.71 −5.05a −4.95 −3.52a −2.40
Ca(111) −7.24 −7.28 −8.57b −8.48b −7.00b −6.87b −5.37b −5.31b
Ni(111) −5.33 −3.78 −5.36 −3.87 −3.90 −3.17 −3.57 −0.63
Cu(111) −3.93 −2.20 −4.67 −2.80 −3.86 −3.02 −3.36 −0.91
Sr(111) −6.77b −6.48 −8.45b −8.36b −7.00b −6.78b −5.47b −5.35b
Rh(111) −5.35 −4.13 −5.05 −4.25 −3.58 −2.91 −3.49 −1.37
Pd(111) −4.69 −3.29 −4.28 −3.18 −3.16 −2.46 −3.16 −1.42
Ag(111) −2.34 −1.16 −3.47 −1.93 −3.59 −2.77 −3.09 −1.71
In(111) −3.61 −3.82 −4.86 −5.09 −4.18 −4.18 −3.09 −2.83
Sn(111) −4.05 −4.22 −4.94 −5.00 −3.90 −3.90 −3.12 −2.64
Ir(111) −5.16 −4.22 −4.76 −3.98 −3.46a −3.42a −3.05a −2.07
Pt(111) −4.83 −3.65 −4.18 −3.13 −3.13a −2.74a −2.70 −1.15
Au(111) −2.68 −1.48 −3.05 −1.71 −2.71 −2.15 −2.40 −1.29
Pb(111) −3.39 −3.08 −4.48 −4.63 −4.03 −4.00 −3.07 −2.81
a The reported value is for the more stable top site.
b The reported value is for the more stable hcp site.
TABLE S4: As in Table S1, but for hollow sites on the fcc(100) surfaces. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
Al(100) −5.77 −6.69 −6.60a −6.65 −5.23a −5.29 −3.55a −2.86a
Ca(100) −7.36 −6.12 −8.19 −8.11 −6.16 −6.02 −5.12 −5.12
Ni(100) −6.20 −4.20 −5.61 −4.13 −3.96 −3.36 −3.83 −1.12
Cu(100) −4.66 −3.07 −4.94 −3.61 −3.95 −3.35 −3.50 −1.33
Sr(100) −6.69 −5.45 −7.80 −7.24 −6.17 −6.01 −5.19 −5.16
Rh(100) −5.69 −4.26 −5.04 −3.84 −3.59 −3.10 −3.71 −1.80
Pd(100) −4.86 −3.29 −4.24 −3.26 −3.25 −2.67 −3.39 −1.79
Ag(100) −2.77 −2.10 −3.70 −2.98 −3.69 −3.19 −3.20 −1.98
In(100) −3.77 −3.84 −4.85 −4.64 −4.09 −4.28 −3.11 −3.08
Sn(100) −3.73 −4.34 −4.32 −4.69 −3.79 −3.89 −2.85 −2.75
Ir(100) −5.41 −4.03 −4.66 −3.62 −3.04 −2.83 −3.21 −1.56
Pt(100) −4.65 −3.17 −3.87 −2.78 −2.65 −2.36 −2.85 −1.50
Au(100) −2.47 −2.04 −2.84 −2.18 −2.77 −2.42 −2.46 −1.51
Pb(100) −3.34 −3.73 −4.25 −4.63 −3.98 −4.13 −3.09 −2.97
a The reported value is for the more stable bridge site.
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TABLE S5: As in Table S1, but for fcc and hcp sites on the hcp(001) surfaces. The most stable site is
emphasized in bold for each particular case. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
fcc/hcp fcc/hcp fcc/hcp fcc/hcp fcc/hcp fcc/hcp fcc/hcp fcc/hcp
Be(001) −4.79/−5.12 −3.16/−3.25 −6.59/−6.84 −5.51/−5.53 −4.49/−4.63 −4.51/−4.38 −2.89/−2.94 +0.63/+0.63
Mg(001) −6.22/−5.81 −6.74/−5.60 −6.98/−7.42 −7.48/−7.60 −5.84/−5.84 −6.08/−6.04 −4.12/−4.12 −3.89/−3.85
Sc(001) −7.93/−8.37 −7.28/−8.37 −9.16/−9.30 −9.07/−9.29 −6.98/−6.87 −6.73/−6.66 −5.37/−5.33 −5.10/−5.07
Ti(001) −8.07/−8.01 −7.50/−7.58 −8.90/−8.62 −8.31/−8.19 −6.54/−6.33 −6.46/−6.28 −5.10/−5.02 −4.44/−4.35
Co(001) −5.48/−5.68 −4.61/−4.66 −5.62/−5.68 −5.00/−5.01 −4.12/−4.19 −3.69/−3.75 −3.71/−3.71 −0.96/−0.96
Zn(001) −3.46/−3.53 −1.73/−1.76 −4.61/−4.73 −3.19/−3.19 −3.82/−3.85 −3.51/−3.49 −2.86/−2.89 −1.02/−1.01
Y(001) −7.69/−8.12 −7.06/−8.25 −9.03/−9.10 −8.99/−9.17 −6.94/−6.82 −6.69/−6.60 −5.38/−5.35 −5.27/−5.24
Zr(001) −8.05/−7.95 −7.76/−7.82 −8.84/−8.53 −8.41/−8.21 −6.46/−6.32 −6.41/−6.25 −5.09/−5.11 −4.90/−4.84
Tc(001) −6.05/−6.46 −5.19/−5.40 −6.02/−6.56 −5.76/−6.09 −4.27/−4.49 −3.94/−4.08 −4.02/−4.03 −2.16/−2.26
Ru(001) −5.45/−6.19 −4.65/−4.87 −5.38/−5.98 −4.98/−5.13 −4.14b/−3.93 −3.54/−3.59b −3.85/−3.80 −1.81/−1.72
Cd(001) −2.69/−2.75 −1.18/−1.19 −4.05/−4.13 −2.94/−2.93 −3.86/−3.87 −3.63/−3.62 −2.92/−2.96 −1.80/−1.78
Lu(001) −8.03/−8.52 −7.32/−8.59 −9.44/−9.58 −9.35/−9.55 −7.08/−6.95 −6.78/−6.70 −5.35/−5.29 −5.25/−5.21
Hf(001) −8.43/−8.34 −8.13/−8.28 −9.22/−8.77 −8.77/−8.49 −6.54/−6.20 −6.49/−6.21 −5.08/−4.93 −4.90/−4.78
Re(001) −6.34/−6.79 −5.58/−5.81 −6.18/−6.77 −6.00/−6.47 −4.04/−4.27 −3.81/−3.90 −3.83/−3.85 −2.06/−2.15
Os(001) −5.40/−6.15 −4.77/−5.08 −5.27/−5.79 −4.92/−5.04 −3.66/−3.50 −3.98a/−3.98a −3.52/−3.42 −1.70/−1.60
Hg(001) −1.29/−1.98 −1.75/−1.87 −3.03/−3.03 −3.06/−3.10 −3.18/−2.46 −2.93/−2.78 −2.24/−1.75 −2.05/−2.01
Tl(001) −3.44/−3.29 −2.66/−2.70 −4.14/−4.24 −3.87/−3.87 −4.14/−4.10 −4.13/−4.14 −3.19/−3.15 −2.94/−2.93
a The reported value is for the more stable top site.
b The reported value is for the more stable bridge site.
TABLE S6: As in Table S1, but for the hollow sites on sc(100) surfaces. Note that only Bi is considered as a
simple-cubic metal for the reasons explained in the main text. All values are in eV/adatom.
Surface Nads Oads Fads Clads
(2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1) (2× 2) (1× 1)
Bi(100) −2.29 −3.13 −3.14 −4.21 −4.16a −3.20 −2.42 −2.07
a Adatom relaxed to top site (hollow site is unstable)
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TABLE S7: List of exceptions, where the adatoms do not preferentially adsorb into “default” hollow sites;
for fcc(111) the fcc site is considered as the default hollow site. Eb values of (1 × 1) and (2 × 2) overlayers of
adatoms adsorbed on the default hollow site are compared to those on the alternative site, which is the most
stable for at least one considered overlayer. All values are in eV/adatom.
adsorbate/surface default hollow site Eb alternative site Eb
system (2× 2) (1× 1) (2× 2) (1× 1)
F/Al(111) fcc −4.78 −4.95 top −5.05 −4.59
Cl/Al(111) fcc −3.33 −2.40 top −3.52 −2.20
O/Al(100) hollow −5.96 −6.65 bridge −6.60 −6.53
F/Al(100) hollow −4.22 −5.29 bridge −5.23 −5.29
Cl/Al(100) hollow −3.10 −2.53 bridge −3.55 −2.86
O/Ca(111) fcc −8.36 −7.93 hcp −8.57 −8.48
F/Ca(111) fcc −6.86 −6.80 hcp −7.00 −6.87
Cl/Ca(111) fcc −5.29 −5.27 hcp −5.37 −5.31
Cl/Mn(110) hollow −5.80 / top / −1.43
Cl/Fe(110) hollow −3.33 / top −3.76 −1.57
O/Fe(100) hollow −5.08 −5.64 bridge −5.25 −5.64
F/Fe(100) hollow −2.51 −4.05 bridge −5.31 −4.46
Cl/Fe(100) hollow −2.74 −3.07 bridge −3.42 −3.20
N/Sr(111) fcc −6.65 −6.48 hcp −6.77 −6.29
O/Sr(111) fcc −8.06 −7.64 hcp −8.45 −8.36
F/Sr(111) fcc −6.82 −6.71 hcp −7.01 −6.78
Cl/Sr(111) fcc −5.34 −5.31 hcp −5.47 −5.35
F/Ru(001) fcc −4.03 −3.54 bridge −4.14 −3.59
F/W(110) hollow −4.77 −4.60 top −5.15 −4.87
F/Os(001) fcc −3.66 / top −4.10 −3.98
F/Ir(111) fcc −3.12 / top −3.64 −3.42
Cl/Ir(111) fcc −3.04 / top −3.05 −2.07
F/Pt(111) fcc −2.62 / top −3.13 −2.74
F/Bi(100) hollow / −3.20 top −4.16 −3.36
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Figure S11. Eb values for (2 × 2) overlayers of F and Cl adatoms on close-packed metal surfaces obtained in
the present study (solid lines and filled symbols) as compared to Eb values for F and Cl reported by Zhu et al.
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(dashed lines and open symbols). Lines are drawn to guide the eye.
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Figure S13. Adsorption induced work function change for all considered (1× 1) and (2× 2) adatom overlayers.
The lines are drawn to guide the eye.
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Figure S14. Experimental work functions of metals considered in this study; data are taken from Ref. 6.
Where available the work function for the close-packed surface is plotted, otherwise the polycrystalline value is
used. The lines are drawn to guide the eye.
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